We retrospectively analyzed outcomes of 716 patients with multiple myeloma who were mobilized using CY and growth factor (n ¼ 370) or growth factor alone (n ¼ 346) before SCT. Patients receiving CY had higher stem cell yields than the growth factor only group (median number of apheresis sessions needed to achieve stem cell collection goals, two vs four sessions, respectively (P ¼ 0.001)). However, patients treated with CY required more time for engraftment of platelets and neutrophils (Po0.001 for both). For patients receiving CY, 75% achieved engraftment (defined as a platelet count of 50 Â 10 9 /l) by day 39, whereas 75% of patients not receiving CY achieved engraftment by day 18. Similar results were observed for neutrophil engraftment. These differences did not affect the duration of hospitalization, but patients treated with CY had a higher incidence of post transplant nonstaphylococcal bacteremia. For CY-mobilized patients, considerably faster platelet engraftment (5 fewer days) resulted if stem cell reinfusion occurred more than 30 days after the first apheresis session. Our data suggested that CY damaged the microenvironment and slowed engraftment. By lengthening the period between the completion of apheresis and stem cell reinfusion, the microenvironment may recover and result in faster engraftment.
Introduction
High-dose chemotherapy with stem cell reconstitution is an integral part of the management of patients with multiple myeloma.
1, 2 To ensure a safe outcome and low mortality rate, and to reduce the risk of serious infections and bleeding from protracted cytopenia, sufficient numbers of hematopoietic stem cells must be infused to achieve prompt engraftment. 3, 4 Since the early days of SCT, the standard mobilization technique has combined the administration of CY 5 and a growth factor, and apheresis was initiated when the WBC count showed evidence of rebound from the chemotherapy-induced nadir. 6, 7 Subsequent studies showed that ex vivo purging of stem cell products to remove contamination by myeloma cells had no effect on patient outcome. 8, 9 After CD38 þ plasma cells in the apheresis product (a marker of myeloma cells) were shown to have no effect on the outcome, 10 the Myeloma Transplantation Group at Mayo Clinic made a policy change that eliminated CY from the stem cell mobilization regimen. Beginning in 2004, mobilization has been performed routinely with the growth factor alone. This new regimen has improved patient convenience; virtually all patients who undergo SCT at Mayo Clinic are nonresidents of Olmsted County, Minnesota (where the clinic is located), and eliminating CY from the mobilization regimen has decreased the duration of mobilization treatment by approximately 9 days. 11 Subsequently, our group showed that the fraction of patients achieving a partial response after induction chemotherapy has no impact on PFS and overall survival after transplantation. 12 We also showed that PFS and overall survival was not affected by the use of CY during mobilization. 13 This study, however, examines parameters such as time to engraftment, duration of hospitalization and incidence of infection in patients mobilized by the two techniques. Our findings suggest that CY potentially damages the BM microenvironment and causes delays in engraftment and increased bacteremia rates.
Materials and methods
This study was approved by the Mayo Clinic Institutional Review Board. All patients gave written consent in accordance with the Minnesota law and appropriate federal regulations. At our institution, patients with myeloma are monitored prospectively; a database continuously updates records with relevant demographic, clinical and laboratory information, including duration of hospitalization. We retrospectively reviewed records of 716 consecutive patients with multiple myeloma who underwent SCT from January 1, 2000, through November 1, 2007, at Mayo Clinic (Rochester, MN, USA). All patients who received highdose chemotherapy were included. No patient was excluded from the analysis, and none were lost to follow-up.
The eligibility for SCT included biopsy-proven, symptomatic multiple myeloma (a response to induction therapy was not required). The baseline evaluation of all patients considered for transplantation included a BM examination and tests for b-2microglobulin and renal function.
Conditioning regimens (treatment in preparation for transplantation) were established by considering the risk of toxicity after high-dose chemotherapy. Melphalan (100 mg/ m 2 on each of the 2 consecutive days) was administered to most patients (89%); those with serum creatinine levels greater than 2 mg per 100 ml and patients older than 70 years had the melphalan dosage reduced from 200 to 140 mg/m 2 ( Table 1) . 14 Conditioning chemotherapy and stem cell infusion were performed as outpatient services; patients were maintained as outpatients except when hospitalization became necessary to manage those with persistent refractory neutropenic fever, intractable mucositis with dehydration or a decline in performance status.
Although all patients in this study received treatment with growth factor, for simplicity of writing, we describe the patient cohorts throughout the text as receiving treatment 'with CY' or 'with growth factor alone.' Patients who received growth factor alone were treated with filgrastim (dosage, 10 mg/kg, daily), and CD34 þ cell counts of the peripheral blood were performed on day 5. It has been suggested that the CD34
þ /CD33 À fraction shows greater multilineage potential and is a better predictor of engraftment capacity, 15 but it was not measured in this population. If the CD34 þ cell count exceeded 0.01 Â 10 9 /l, apheresis was initiated. If this level was not achieved, most patients received successive increases in the filgrastim dosage (up to 16 mg/kg, twice daily). Patients undergoing stem cell mobilization with CY received 1.5 g/m 2 daily for 2 consecutive days followed by sargramostim 5 mg/kg daily until apheresis was completed. After the total leukocyte count exceeded 0.5 Â 10 9 /l, the CD34 þ cell count in the peripheral blood was measured daily until it exceeded 0.01 Â 10 9 /l. All CY-treated patients received growth factor on the third day of mobilization (the day after CY treatment was complete). Apheresis was performed by processing 11-14 l of blood in 4 h. 16 All patients who underwent transplantation received a minimum of 2 Â 10 6
CD34
þ cells/kg. The flow assessment of CD34 content did not change during the time course of this study. The goal for collection was 9 Â 10 6 CD34 þ cells/kg. This was to allow a tandem transplant with an infusion of three for each, which would permit the final three to be used for a salvage transplant at relapse. The protocol for the cryopreservation of cells, storage, thawing and reinfusion did not change appreciably during the study period. 16 Standard supportive care after transplantation was administered; this included use of prophylactic fluoroquinolone antibiotics, acyclovir and fluconazole. All patients received growth factor beginning on day 5 (sargramostim, 5 mg/kg, daily) until engraftment of neutrophils was achieved. Engraftment was calculated from day 0 to the respective first date of neutrophil counts greater than 0.5 Â 10 9 /l and platelet counts greater than 50 Â 10 9 /l without transfusion in the preceding 48 h. Surveillance blood cultures were performed for all patients after catheter placement; subsequently they were not carried out on a routine basis and were performed only if a fever or skin erythema suggesting cellulitis developed. All patients were evaluated for bacteremia, which was defined as a positive blood culture at any time during the transplantation course, even if patients were asymptomatic. No attempt was made to distinguish contaminants from known pathogens.
Statistical analysis
The Kaplan-Meier method was used to analyze time to engraftment. Data from patients who died before engraftment were included in the analysis (shown in Figures 1-3 as ticks on each curve); however, they were censored on the date of death and classified as 'not engrafted.' Analysis of group differences was performed using the Kruskal-Wallis test for continuous variables and the Fisher exact test for categorical variables.
Results
The Table 1 shows clinical characteristics of the 716 study patients. All had adequate cardiac and pulmonary function. In total, 370 patients were treated with CY, and 346 were treated with growth factor alone. Patients treated with CY required a median of two apheresis collections to achieve the target number of CD34 þ cells. In contrast, patients treated with growth factor alone needed four collections to accrue the target number of CD34 þ cells. The total number of CD34 þ cells collected per patient was significantly higher in the CY group (P ¼ 0.01) because 111 patients (30%) exceeded the target number of CD34 þ cells in one collection (median, 13.2 Â 10 6 cells/kg). Of these patients, 83 (75%) collected greater than 9 Â 10 6 cells/kg, and 28 (25%) collected greater than 21.9 Â 10 6 cells/kg. For patients treated with growth factor alone, only 20 (6%) achieved the collection goal in one apheresis session (median, 11.5 Â 10 6 cells/kg). Of these patients, 15 (75%) collected greater than 7.8 Â 10 6 cells/kg, and five (25%) collected greater than 13.3 Â 10 6 cells/kg. Of note, patients treated with CY had a higher percentage of plasma cells in the BM, a feature known to adversely affect mobilization. 17 As the two groups were not balanced for the percentage involvement of plasma cells at the time of collection and plasmacytosis has been reported to delay engraftment, 18 a bivariate analysis was performed comparing marrow plasma cells at the time of collection and the number of days to granulocyte engraftment. No differences were found (P ¼ 0.44). Similarly, no relationship was found between the total CD34 þ cells collected and the percentage of marrow plasma cells at collection (P ¼ 0.41). The same analysis was performed for plasma cells and time to achieve a platelet count of 50 Â 10 9 /l, but no relationship was found (P40.16).
This noncontemporaneous patient cohort reflected the shift in clinical practice that occurred at our institution in 2004, as described above. Of the 346 patients treated with growth factor alone, the 'time midpoint' (the date by which half the patients in a given treatment group had undergone transplantation) was identical median time to engraftment (13 days), but 75% of patients in the CY group did not achieve a neutrophil count of 0.5 Â 10 9 /l until day 16, whereas 75% of patients treated with growth factor alone met the neutrophil engraftment goal by day 14. Even though the patients treated with CY had a significantly higher number of CD34 þ cells infused at transplantation (5.6 Â 10 6 vs 4.2 Â 10 6 cells/kg; Po0.001), they required more time for engraftment. Ninety percent of patients in the growth factor group had neutrophil engraftment by day 15; however, 25 days elapsed before 90% of patients in the CY group had engraftment (P ¼ 0.001).
More striking differences between the patient groups were observed with platelet engraftment (Figure 2) . The overall median time to engraftment (defined as a platelet count of 50 Â 10 9 /l) was 16 days. For patients receiving growth factor alone, the median time was 15 days (data from seven patients were censored); for patients receiving CY, the median time was 18 days (data from 16 patients were censored). The percentage of patients who did not have platelet engraftment by day 18 was 25% for the growth factor group and 47% for the CY group. By day 27, 10% of patients in the growth factor group still had not achieved engraftment. However, 34% of patients in the CY group did not have engraftment by day 27, even though this group had a considerably higher median number of infused CD34 þ cells. As noted in the Table 1 , some patients had received melphalan or lenalidomide before apheresis. Both agents have been implicated in reducing postapheresis yields of stem cells. 19, 20 Both arms were balanced for the number of patients with precollection melphalan exposure; however, a disproportionate number of patients treated with growth factor alone had exposure to lenalidomide (18%). We therefore analyzed whether the lower CD34 þ yield in the group that received growth factor alone was impacted by the minority of patients receiving lenalidomide. The median (interquartile range) CD34 yield in the group exposed to lenalidomide was 10.0 Â 10 6 cells/kg (7.3 Â cells/kg) (P ¼ 0.80). Presumably, the small fraction of patients exposed was insufficient to affect the values in the large cohort of patients studied.
To explore possible mechanisms that could delay engraftment in the CY-mobilized cohort, we separately examined the patients who were treated with CY (n ¼ 353). To determine whether CY itself could affect the BM microenvironment in a way that inhibited platelet engraftment, we categorized patients by the amount of time that elapsed between stem cell collection and infusion. Of the 353 patients, 138 had stem cell infusions greater than 30 days after the first collection, and 215 had infusion within 30 days of the first collection. Figure 3 shows a significant difference in time to platelet engraftment between the subgroups (Po0.001). For the early infusion group, the median time to engraftment was 20 days (data from eight patients were censored); the delayed infusion group had a median time of 15 days (data from seven patients were censored). Seventy-five percent of patients in the late infusion group achieved platelet engraftment by day 29, but 48 days elapsed before 75% of the early infusion group achieved engraftment. These data suggest that a delay in stem cell reinfusion promotes faster engraftment of platelets because it allows the effects of CY to abate.
To assess the clinical effect of delayed neutrophil engraftment, we reviewed the duration of hospitalization of both cohorts (CY and growth factor treatment groups). The median time for both groups was 4 days (P ¼ 0.92). We also questioned whether time to engraftment was affected by the total number of CD34 þ cells infused. Of the 703 patient records showing CD34 þ cell counts, only nine patients (1%) received less than 3 Â 10 6 CD34 þ cells/kg, and no patients underwent transplantation with fewer than 2 Â 10 6 cells/kg. Because of the minimum threshold required for transplantation, we were unable to observe any association between the number of cells infused and time to engraftment. We also examined the incidence rate of nonstaphylococcal bacteremia, which occurred in 48 of the 370 CY-mobilized patients (13%) and 25 of the 346 growth factor-mobilized patients (7%) (P ¼ 0.01). Bacteremia could be used as a surrogate measure of morbidity, but a direct correlation between a longer time to engraftment and bacteremia could not be established with our data.
Discussion
No optimal method for stem cell mobilization The optimal method for mobilizing stem cells remains unclear. When transplantation first was used to treat multiple myeloma, CY was administered to enhance the recovery of PBSCs and possibly to promote in vivo purging of malignant cells from stem cell products. 21 Clinicians hoped that CY would improve the outcome by inducing an incremental response in the patient's myeloma and lower tumor mass before administration of high-dose chemotherapy. 22 However, subsequent studies have shown that ex vivo purging did not improve outcomes, [8] [9] [10] and our own experience comparing patients who have an M protein reduction of 50% before transplant and patients who fail to achieve a 50% M protein reduction suggests that the extent of response to induction therapy before transplantation does not predict outcome. 23 As a consequence, the Mayo Clinic Myeloma Transplantation Group elected to mobilize stem cells with growth factor alone, 24 a strategy previously adopted for the treatment of patients with non-Hodgkin's lymphoma. Both methods have advantages and disadvantages, and on the basis of the published data, neither appears to be the optimal choice.
Although the stem cell yield was greater with CY, approximately 10% of the patients required hospitalization for neutropenic fever. Also, red cell and platelet support was required in patients at the time of collection if their marrows were heavily infiltrated or if their induction therapy contained myelosuppressive agents. Hospitalization and transfusional support were rarely needed among patients who had mobilization with growth factors alone. As a matter of practice, owing to its safety and simplicity, the use of growth factors alone is now our standard method for CD34 þ mobilization for myeloma patients unless there are circumstances that would a priori predict poor yield by standard methods, such as prior lenalidomide exposure. 20, 25 This study was an analysis of consecutive patients and not a randomized study; therefore, considerable imbalances existed between the two patient groups. The number of infused CD34 þ cells was significantly different, with the CY group having higher collection levels and thus a greater number of infused cells (5.6 Â 10 6 vs 4.2 Â 10 6 cells/kg; Po0.001). The marked differences in serum b-2microglo-bulin levels suggested that the CY-mobilized cohort had more advanced disease. This also may reflect improved disease control before transplantation that was achieved with newer therapies. The serum creatinine levels were significantly different between the groups (P ¼ 0.002), although the clinically significant differences were small.
Patients who undergo stem cell mobilization with CY have an inherently increased length of stay at the transplant center; at least 9 days are needed for recovery from chemotherapy. Apheresis collections generally begin approximately 11-14 days after chemotherapy is initiated (in comparison, patients treated with growth factor alone can begin apheresis in 5 days). A subset of patients also will require transfusional support after a pulse treatment with CY, and a small proportion will require hospitalization for the management of neutropenic fever. 26, 27 However, CY mobilization may be more efficient. In this study, patients who received CY had an average of two fewer apheresis procedures than patients treated with growth factor alone. This CY group had a median of 10 Â 10 6 cells/kg collected per patient, and 30% of patients met the target number of CD34 þ cells in a single collection. Nevertheless, these data also appear to indicate that CY treatment was associated with several clinically significant concerns after transplantation. In particular, time to engraftment of neutrophils and platelets was delayed when compared with that of patients mobilized with growth factor alone. Although this delay did not increase the duration of hospitalization, we did observe an association between treatment method and incidence of nonstaphylococcal bacteremia (13 and 7% for patients treated with CY or growth factor, respectively; P ¼ 0.01). In addition, delayed neutrophil engraftment uses more resources because additional growth factor is administered until engraftment is achieved. Increased antibiotic therapy may be necessary to treat higher bacteremia rates. The kinetics of neutrophil engraftment in the myeloma cohort was found to be nearly identical to that of our patients who undergo transplant for amyloidosis and do not receive post transplantation growth factor (medians, 13 and 14 days, respectively). 28 As a consequence of these results, the transplantation group at Mayo Clinic, Rochester, elected to stop administering growth factors following transplantation in myeloma patients; the group's reasoning was that the resource use did not compensate for 1 day of more rapid neutrophil engraftment.
Our data were not able to specifically indicate whether CY mobilization should be preferred over growth factor alone. Others have not reported delayed engraftment with CY mobilization, 29 but the number of patients in that report was far smaller, and the study may not have been powered sufficiently to detect differences.
Effect of CY on the BM microenvironment
The longer time to engraftment of neutrophils and platelets for CY-mobilized patients is not explained readily. Because a greater number of stem cells were infused for CYmobilized patients, faster engraftment in this cohort might be expected. However, the opposite was true for our patients and we therefore questioned how mobilization with CY could affect engraftment.
We hypothesize that CY transiently damages the BM microenvironment and that this damage delays recovery. Earlier reports support our hypothesis. Stromal reconstitution to normal levels was uncommon in adults undergoing allogeneic transplantation, showing that the marrow stromal microenvironment is seriously damaged after transplantation. 30 In addition to affecting long-term stem cell engraftment and maintenance of hematopoietic function, damage of the stromal microenvironment also injures the progenitor compartment for endosteal osteoblasts and causes osteoporosis. 31 Chemotherapy for ALL can induce functional deregulation within BM stromal cells with a reduction in the number of erythroid burst-forming units, which suggests a mechanism for the postchemotherapy anemia observed in most patients. 32 Human mesenchymal stem cells are sensitive to various cytotoxic agents; the different (and sometimes delayed) recovery patterns could affect the ability of these cells to support hematopoiesis. 33 Thrombopoiesis depends to some extent on signals from the marrow microenvironment, and both neutrophils and platelets in at least a subset of patients show impaired recovery related to altered signaling from the microenvironment. 34 In a recent comparison of patients receiving reducedintensity or standard conditioning, 35 the latter had considerably impaired ability to generate stromal layers in vitro at days 30 and 100. In the univariate analysis, standard conditioning was the only factor that predicted stromal growth impairment after transplantation. We attempted to confirm these findings by assessing CY-mobilized patients and comparing those who received their stem cells within 30 days of the first apheresis session with those who received stem cells longer than 30 days after the first apheresis. When patients underwent transplantation more than 30 days after initiating CY mobilization, their median time to achieving a platelet count of 50 Â 10 9 /l was the same as those who were mobilized using growth factor alone (15 days). It is unlikely that time to transplantation was the sole explanation for the difference in time to platelet engraftment; however, 75% of the CY-mobilized patients who were infused less than 30 days after collection did not achieve the platelet count of 50 Â 10 9 /l until day 39, whereas those who underwent SCT more than 30 days after the first apheresis achieved this value at day 29. For patients with no exposure to CY, the platelet count was achieved by day 18. Thus, CY appears to produce some degree of microenvironmental damage that impedes the recovery of healthy infused CD34 þ cells.
Conclusion
We suggest that the CY used for mobilization may affect the marrow microenvironment. CY improves yields but increases bacteremia rates after transplantation. CY increases time required to collect stem cells and slows engraftment.
